Abstract: A compact pulsed Nd:LuAG laser at 1064 nm based on the self-Q-switching technique is reported, having the output power as high as 6.61 W at the incident pump power of 21.32 W, corresponding to the optical conversion efficiency of ∼31%. The temporal width of the pulse was in the range from 532.2 to 652.6 ns, and the repetition rate varied between 488.6 and 551.9 kHz. To the best of our knowledge, this is the first report on the self-Q-switching Nd:LuAG laser. With the nonlinear refractive index calculated to be 1.8 × 10 -19 m 2 /W, and the numerical simulation made with the modified rate equations, the Kerr lens effect was believed to be the reason for the self-Q-switching of Nd:LuAG. The compact cavity generating pulses with high output power and high repetition rate not only reveal that the self-Q-switching technique could be an efficient method for the generation of pulses with high output power and high repetition rate, but enrich the characteristics of Nd:LuAG crystal.
Introduction
High-power, high-repetition-rate pulsed lasers are attractive sources in many applications including remote sensing, bio-medicine, material processing, ranging and so on. Compared with the mode locking technique, Q-switching is able to achieve large pulse energy through a simple cavity-design, thus intense research on the Q-switching technique has been developed in the past decades. Normally, to achieve the Q-switching operation, there is always a modulator in the laser cavity. In the active Q-switching technique, the acoustic-optical or electro-optical modulation modules driven by the periodic external trigger, switch the continuous-wave laser (CW) into pulses [1] , [2] . However, the active modulator has the drawbacks of high-cost, complexity and inconvenience. As to the passive Q-switching, the saturable absorber (SA) inserted into the cavity is the origin of pulse generation. Therefore SA's performance would significantly influence the operation of the pulsed laser while the cavity can be more compact. However, the complicated fabrication process of the SAs such as SESAMs (semiconductor saturable absorber mirror) still results in high cost [3] , [4] while another important SA of Cr 4+ :YAG [5] , [6] suffers from the narrow spectral range. Even though a series of new materials have excellent properties of saturable absorption, such as graphene [7] - [9] , carbon nanotube [10] , topological insulators [11] - [13] , transition metal dichalcogenides [14] - [16] , black phosphorus [17] - [19] , and gold nanorods [20] , their practical characteristics need more time to verify.
In addition to the previous techniques, self-Q-switching (SQS) with no modulators inserted into the cavity, creates bright prospects serving as an effective method for the pulse generation. This technique relies on the gain medium itself to modulate the Q-factor of laser, being free of intracavity loss brought by the inserted modulator, which is beneficial to producing higher average power. On the other hand, the cavity of SQS can be much more compact than the others with much lower costs as well. Therefore the research on the SQS is of great importance and several results have been reported on solid state lasers using SQS. In 2005, Su et al. reported their SQS laser based on the Yb 3+ ,Na + :CaF 2 single crystal and obtained 1.5 μs pulses at 1050 nm with the repetition rate of 28 kHz and the average power of 400 mW [21] . Gupta et al. demonstrated 460 ns pulses at 914 nm from a SQS Nd:YVO 4 laser in 2012, and the corresponding repetition rate was 61.2 kHz with the average output power of 600 mW [22] . In 2014, Xu et al. achieved SQS operation from a Yb: CGB laser in which pulse width of 287 ns at 35 kHz were generated with the two central wavelengths of 1052.6 nm and 1057.7 nm, while the highest output power was 416 mW [23] . Another dual-wavelength SQS laser was reported by Song et The corresponding pulse width and repetition rate were 1.4 μs and 21 kHz respectively, and the average output power was 610 mW [27] .
It can be concluded from the results above that the SQS technique could be regarded as a promising method in the pulse generation. However, the obtained average powers as well as the repetition rates remained too low to fulfill the application. In the meanwhile, the SQS phenomenon could reveal a new feature of crystals, which is very meaningful and interesting for finding new crystals with same characteristic. Nd:LuAG is a recently grown crystal with several outstanding characteristics. Its long fluorescence time, high thermal conductivity and high saturation fluence make it very effective in the generation of high-energy pulse. In this paper, we demonstrate a pulsed, 1064-nm Nd:LuAG laser applying SQS method for the first time, to the best of our knowledge. The generated pulses have the repetition rate between 488.6 kHz and 551.9 kHz with the temporal duration in the range from 532.2 ns to 652.6 ns. The highest output power was as high as 6.61 W at the incident pump power of 21.32 W, corresponding to the optical conversion efficiency of ∼31%. To search the mechanism leading to the SQS operation, the Z-scan technique was used to measure the nonlinear refractive index and by numerically calculating the modified rate equation describing the SQS operation, the Kerr lens effect was believed to be the main factor. The compact cavity combined with the high repetition rate and the high output power, not only enrich the characteristics of Nd:LuAG crystal, but also reveal the prospect of the SQS technique as the method for producing high-power, high-repetition-rate pulses. Fig. 1 shows the schematic configuration of the SQS laser, and a compact linear resonator was adopted. The pump source was a fiber-coupled laser diode operating at 808 nm with the highest output power of ∼23 W. The numerical aperture and the core diameter of the coupled fiber were 0.22 and 105 μm respectively. After travelling through the 1:1 coupling system, the pump light was focused into the gain medium. The gain medium was a Nd:LuAG crystal having the dimensions of 4 mm × 10 mm × 15 mm and the doping concentration of 0.6 at %. Both surfaces of the crystal were anti-reflection (AR) coated at 808 nm and 1064 nm. The crystal was firstly wrapped with indium foil and then mounted on a cooling system, which consisted of a copper block with the temperature maintained at 20°C by the deionized water. The input mirror M1 was a plano-concave mirror having the curvature radius of −206.5 mm, and was AR coated at 808 nm and high-reflection (HR) at 1064 nm. M2 was a flat mirror serving as the output coupler with the transmission of 1.4% at 1064 nm. L1 was 15 mm and L2 was 30 mm thus the cavity length was 60 mm. M3 was a 45°placed dichroic mirror in order to filter out the residual pump light, while M4 was the beam splitter. To record the temporal characteristics of the output laser, a 1 GHz digital oscilloscope (Tektronix DPO7104C) was used connecting with a fast photodiode detector (Thorlabs DET08C). An optical spectrum analyzer with the resolution of 0.06 nm (Agilent 86140B) was used to obtain the laser spectrum. An OPHIR StarLite power meter [OPHIR 50(150)A-BB-26-QUAD] was utilized to measure the average output power of the laser.
Experimental Setup

Results and Discussion
The system start oscillating as soon as the incident pump power reached ∼7.1 W. However, only modulation instability was observed occasionally until the incident pump power reached ∼19 W, and the typical QS operation was achieved through the careful adjusting for the cavity. Fig. 2 shows the average output power of the SQS operation with respect to the incident pump power ranging from 19.51 to 21.32 W, and the average power was 6.61 W at the pump power of 21.32 W, corresponding to the optical conversion efficiency of ∼31%. As almost 95% of the pump power was absorbed by the Nd:LuAG crystal, the detected power by the power meter should be of high precision after the residual pump light was filtered out. Fig. 3 shows the evolutions of the pulse width (full width at half maximum, FWHM) and the repetition rate as the incident pump power. With the pump power increasing, the repetition rate increased from 488.6 kHz to 551.9 kHz which was similar to the phenomenon of passive Q-switching. However, the pulse width did not decrease monotonously as the increasing pump power, which might be caused by the thermal perturbation. The shortest pulse width was 532.2 ns with the repetition rate of 521.9 kHz. Fig. 4(a) shows the pulse train at the pump power of 19.51 W while (b) and (c) show the pulse train at 21.32 W with the corresponding pulse width of 594.3 ns. The pulse energy was 11.98 μJ and the corresponding peak-power was 20.15 W. The optical spectrum of the SQS operation at the pump power of 21.32 W is shown in Fig. 5 in which the central wavelength was located at 1064.65 nm. By the way, during our experiment, an output coupler with the transmission of 6% was also adopted to observe the SQS operation. However, compared with the 1.4% coupler, the output power was decreased to ∼2 W, and the pulse train became unstable.
Different from the passive Q-switching operation reported in [28] , [29] , the SQS operation in our experiment was not caused by the saturable absorption of the doping ions such as Cr 4+ . This can be demonstrated by our previous research that with the same crystal the Q-switching pulse could only be obtained after the saturable absorber was inserted into the cavity [30] . For some solid state lasers, the self-Raman effect can generate modulation which could cause SQS operation [31] , [32] . During our experiment, we did not observe any other wavelengths but 1064 nm in the spectrum, and this indicates the self-Raman modulation was not the reason. In [22] , [25] and [27] , the reason for the SQS operation was determined as the re-absorption loss in Nd:YVO 4 at 914 nm, Yb:KGd(WO 4 ) 2 at 1.04 μm, and Tm: YLF at 1.91 μm, respectively. With the increasing of the intracavity intensity, the re-absorption loss decreases, thus demonstrating an saturable nature for the crystal. Obviously, there should not be strong re-absorption for the Nd: LuAG crystal at 1064 nm, then the re-absorption cannot be the reason for the SQS operation.
To search the factor leading to the SQS operation, applying the Z-scan method we observed the influence of the illuminating intensity on the crystal's transmission. Fig. 6(a) shows the Z-scan setup, and the probe source was a pulsed laser at 1064 nm with the pulse width of 190 fs. After travelling through the collimator of F1 as well as the lens of F2, the beam was focused on the Nd:LuAG sample with the radius of ∼55.5 μm. Thanks to the beam splitter, two balanced beams were generated from the probe source. One beam served as the reference beam and was detected by Power Meter I. The other beam was used as the probe beam that illuminated on the Nd:LuAG sample. After transferring through the aperture, the probe beam was received by Power Meter II. The Nd:LuAG sample had the dimensions of 3.5 × 8 × 1 mm 3 with the doping concentration of 0.6 at %, and its position could be adjusted by the stepping motor. Fig. 6(b) shows the observed transmission as the function of sample position. The zero of the Z-axis related to the focus of the probe beam. By fitting the data with the formulas given in [33] , we obtained the nonlinear refractive index of the Nd:LuAG crystal as 1.8 × 10 −19 m 2 /W. As shown in Table 1 , compared with other Nd-doped crystals such as Nd:YVO 4 and Nd:YAG, Nd:LuAG has the moderate nonlinear refractive index.
With the nonlinear refractive index obtained, the SQS operation could be attributed to the Kerr lens effect of Nd: LuAG. As expressed in [36] and [37] , the intensity-dependent refractive index can 
where n 0 is the linear refractive index, n 2 is the nonlinear refractive index, and I is the laser intensity. With this refractive index distribution, as presented in [38] , the intensity-dependant focal length can be given as following:
where ω l is the effective mode radius at the Kerr crystal, and l is the length of the crystal. As given in [39] , for a laser with the Kerr lens and a soft aperture in the cavity, there will exist the nonlinear loss which corresponds to the intracavity intensity and can be expressed as follows:
where a is radius of the aperture, ζ is the Kerr nonlinear intensity [40] , [41] , P c is the critical power for the self-focusing, c is the speed of the light, ε 0 is the dielectric permeability of vacuum and λ is the wavelength of the laser. Considering the impact of the Kerr lens on both the intracavity loss and mode matching, the rate equations for the passive Q-switching laser were modified to describe the SQS operation which can be expressed as follows:
where, N is the population inversion density, P abs is the absorbed pump power, ω p is the pump waist radius, l med is the optical length of the laser medium, E p is the pump photon energy, σ a is the absorption cross section, N 0 is the total dopant concentration, σ e is the emission cross section, φ is the intracavity photon density, τ f is the upper-level life time of the laser medium, l cav is the optical length of the cavity, τ r is the round-trip time of the cavity, E L is the laser photon energy at 1064 nm, L c is the cavity round-trip loss, and R is the reflectivity of the output coupler. In this work, the parameters were given as ω p = 52. [42] , c = 3 × 10 8 m·s −1 , τ f = 277 μs [42] , l cav = 72.45 mm, τ r = 0.483 ns, E L = 1.8682 × 10 −19 J, L c = 0.003, R = 0.986, ω l ≈ 223 μm, ζ = −0.0023, and P c = 2.6589 kW. The thermal lens was taken into the consideration when calculating ζ. By taking these parameters into the rate equations, the SQS operation was observed when the absorbed pump power researched 17.13 W. The simulation result is shown in Fig. 7 . This can determine the Kerr lens effect as the main mechanism in the SQS operation.
Further research will focus on the improvement of the pulse operation with the shorter width and the higher repetition rate, and the further investigation on the numerical analysis for the SQS operation will be made to optimize the laser system. However, the obtained high average power as well as the high efficiency had indicated the great potential for the self-Q-switching in the pulse generation.
Conclusion
In conclusion, a compact self-Q-switching Nd:LuAG laser at 1064 nm owning high output power and high repetition rate was achieved. The highest average output power was 6.61 W at the incident pump power of 21.32 W thus the corresponding optical conversion efficiency was ∼31%. The temporal width of the pulse was in the range from 532.2 ns to 652.6 ns, and the repetition rate varied from 488.6 kHz to 551.9 kHz. To the best of our knowledge, this is the first report on the self-Qswitching Nd:LuAG laser. With the nonlinear refractive index calculated to be 1.8 × 10 −19 m 2 /W, and the numerical simulation made with the modified rate equation, the Kerr lens effect was believed to be the mechanism for the self-Q-switching of Nd:LuAG. The compact cavity generating pulses with high output power and high repetition rate gives the self-Q-switching technique a bright prospect for the pulse generation, and the experimental phenomenon also enriches the characteristics of Nd:LuAG crystal.
